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Abstract
Obesity in peripubertal girls is associated with hyperandrogenemia (HA), which can represent a
forerunner of polycystic ovary syndrome. However, not all obese girls demonstrate HA, and
determinants of HA in obese girls remain unclear. We hypothesized that insulin and luteinizing
hormone (LH) are independent predictors of free T concentration in obese girls. To assess this further,
fasting morning blood samples were collected from 92 obese (body mass index-for-age percentile
[BMI%] ≥ 95) girls in various stages of puberty. A multivariate regression model was then
constructed using free T (dependent variable), LH, insulin, pubertal group (early, mid-, or late
puberty), BMI z-score, and age. Free T concentrations were highly variable among obese girls in
each pubertal group. The regression model accounted for roughly half of the variability of free T in
obese girls (adjusted R2 = 0.53, P < 0.001). LH was found to have the greatest independent ability
to predict free T, followed by insulin, then age and BMI z-score. Pubertal group was not an
independent predictor of free T. We conclude that morning LH and fasting insulin are significant
predictors of free T in obese girls, even after adjusting for potential confounders (age, pubertal group,
adiposity). We suggest that abnormal LH secretion and hyperinsulinemia can promote HA in some
peripubertal girls with obesity.
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Introduction
Polycystic ovary syndrome (PCOS) may be the most common endocrine disorder of young
women, affecting approximately 7% of women in their reproductive years (1). Hallmarks of
PCOS include ovarian hyperandrogenemia and ovulatory dysfunction (2,3). The etiology of
PCOS remains unclear, but hyperinsulinemia, neuroendocrine abnormalities (e.g., exaggerated
luteinizing hormone [LH] secretion), and primary abnormalities of ovarian steroidogenesis
have all been proposed as causes (4–6).

Manifestations of PCOS often begin soon after menarche, and hyperandrogenemia (HA) during
adolescence can be a precursor of adult PCOS (7,8). However, the cause(s) of adolescent HA
is (are) unclear. Obesity is a well-recognized factor in the HA of adult PCOS (9); and some
(10–12) but not all (13) studies suggest that obesity is linked to HA in peripubertal girls.
Therefore, obesity during the pubertal transition may be an important factor contributing to
adolescent and adult PCOS (14). Although mechanisms underlying the relationship between
peripubertal obesity and HA remain uncertain, early data suggest that differences of insulin
and luteinizing hormone (LH) contribute to free testosterone (T) differences between obese
and non-obese girls (11,12).

Of special interest, not all peripubertal obese girls demonstrate elevated free T (12,13),
suggesting that obesity per se is not sufficient to produce HA. Herein we present data that
demonstrates marked variability of free T among obese girls. Furthermore, to assess potential
determinants of free T elevations in obese girls, we evaluated the relationship between free T
and both fasting insulin and morning LH, while simultaneously adjusting for differences in
age, pubertal development, and gender-specific body mass index (BMI) z-score. Our primary
hypotheses were that insulin and LH would be independent predictors of free T levels in obese
girls.

Methods and Procedures
Subjects

Our collaborative group collected hormonal and anthropometric data from obese girls across
the pubertal spectrum. Volunteers were recruited from Endocrinology Clinics and via local
advertisements and evaluated at the University of Virginia (n= 61), the University of California
at San Diego (n=8), and Yale (n=23). Gender-specific BMI-for-age percentile (BMI%) and
BMI z-score was calculated for each participant using a SAS program incorporating normative
data from the National Health and Nutrition Examination Surveys (15) (available at
http://www.cdc.gov/nccdphp/dnpa/growthcharts/resources/sas.htm). Subjects were
considered obese if their BMI% was 95 or greater (16). Since girls classified as Tanner 1 can
have variable physiology, we only included Tanner 1 subjects who demonstrated hormonal
evidence of puberty, as defined by an estradiol concentration ≥ 73.4 pmol/liter (≥ 20 pg/ml).
None of the girls was considered sexually precocious or had premature adrenarche. All
participants had age-appropriate 17-hydroxyprogesterone and dehydroepiandrosterone sulfate
(DHEAS) concentrations; undetectable β-human chorionic gonadotropin; normal thyroid
stimulating hormone and prolactin levels; and unremarkable chemistry, liver, and hematology
lab results (data not shown). All fasting glucose values were ≤ 105 mg/dl. Girls were not
included or excluded based on the presence or absence of clinical hyperandrogenism (e.g.,
hirsutism, abnormal menses). Raw data from a portion of these subjects were included in
previous analyses (11,12).
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Study Procedures
All study procedures were approved by the Institutional Review Board at each institution.
Written informed assent and consent were obtained from participants and custodial parents,
respectively. Subjects had not used hormonal medications in the 90 days preceding study, and
none was taking mediations known to affect the reproductive axis.

Volunteers had a detailed history and physical exam, which included assessment of breast
development (Tanner breast stage) via both inspection and palpation. Blood samples were
obtained in the morning (approximately 0500–1000 h, after at least 8 hours of fasting) for later
determination of LH, follicle stimulating hormone (FSH), total T, sex hormone binding
globulin (SHBG), progesterone, and estradiol. In 77 subjects, insulin-like growth factor-I (IGF-
I) was also measured. Premenarcheal girls were studied on a random day. Postmenarcheal girls
were studied on cycle day 8–10 or at least 60 days after menses if oligomenorrheic. Sampling
during the luteal phase was excluded in all subjects by a progesterone concentration < 6.36
pmol/liter (< 2 ng/ml).

Hormonal Measurements
All assays were performed in the Center for Research in Reproduction Ligand Core Laboratory
(University of Virginia). All samples from an individual were analyzed in duplicate. Those
samples with values below the assay sensitivity were assigned the value of the assay’s
sensitivity.

Total T, estradiol, and progesterone were measured by RIA (Diagnostic Products Corporation
[DPC], Los Angeles, CA; sensitivities 347, 36.7, and 0.3 pmol/liter (10 ng/dl, 10 pg/ml, and
0.1 ng/ml); intraassay coefficient of variation [CV] 3.5–6.8%; interassay CV 5.8–15.8%). FSH,
LH, SHBG, and DHEAS were measured by chemiluminescence (DPC; sensitivities 0.05 IU/
liter, 0.1 IU/liter, 0.2 nmol/liter, and 190 nmol/liter; intraassay CV 1.9–6.2%; interassay CV
4.8–7.8%). Insulin was measured by chemiluminescence (DPC) or RIA (Diagnostic Systems
Laboratories, Inc., Webster, TX): sensitivity 9.3–18.7 pmol/liter, intraassay CV 3.0–8.5%,
interassay CV 8.3–21%). IGF-I was measured in 77 subjects by chemiluminescence (Siemens
Medical Solutions Diagnostics, Los Angeles, CA; sensitivity 3.3 nmol/liter; intra- and
interassay CV 3.5% and 5.3%).

Free T was calculated from SHBG and total T using the following formula: FT = ([T − (N)
(FT)]/[(KT)(SHBG) − (KT)(T) + (N)(KT)(FT)]), where FT is free T concentration (pmol/liter),
KT is the association constant for T (1.0 × 109), T is the total T concentration in ng/dl, SHBG
is in nmol/liter and N=(KA)(CA)+1, where KA is the association constant of albumin for T (3.6
× 104), and CA is the albumin concentration (assumed to be 4.3 g/dl) (17).

To convert from SI to conventional units: total and free T (pmol/liter) × 0.2884 (pg/ml);
progesterone (pmol/liter) × 0.315 (ng/ml); estradiol (pmol/liter) × 0.272 (pg/ml); DHEAS
(nmol/liter) × 0.0368 (μg/dl); insulin (pmol/liter) × 0.1394 (μIU/ml); IGF-I (nmol/liter) × 7.649
(ng/ml); SHBG (nmol/liter) × 0.0288 (μg/dl).

Data Analysis
For the purposes of this analysis, we divided girls into three groups based on pubertal
maturation. Girls with physical exam evidence of early puberty (Tanner 2 breast development)
and those with biochemical evidence of early puberty (estradiol ≥ 73.4 pmol/liter despite
absence of palpable breast tissue) were combined into an early pubertal group. Tanner 3 girls
comprised a mid-pubertal group. Lastly, since girls in Tanner stages 4 and 5 are very similar
physiologically, we combined these girls into a late pubertal group.
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A puberty group-specific upper limit of normal for morning free T—based on data from normal
controls studied by our group (data not shown)—was defined as the mean free T plus 2 standard
deviations for normal weight (BMI% < 85) girls with neither clinical hyperandrogenism (e.g.,
hirsutism) nor abnormal menses (i.e., average intermenstrual length > 45 days in girls at least
2 years postmenarche). Cutoff values for normal free T were 11.98, 17.23, and 25.66 pmol/
liter for early pubertal, mid-pubertal, and late pubertal girls, respectively.

Statistical Methods
Our a priori hypotheses were that morning LH and fasting insulin would be unique
determinants of free T concentration. We used ordinary least-squares (OLS) regression analysis
to test these hypotheses.

The utilized OLS regression model was defined a priori (i.e., before analyzing the data). LH
and fasting insulin were considered the two primary predictor variables of interest, while age,
BMI z-score, and pubertal stage (early pubertal, mid-pubertal, late pubertal) were considered
potential confounders (i.e., adjustment factors). Restricted cubic spline functions of the LH
and fasting insulin values were incorporated into the model so that linear and nonlinear
associations could be examined simultaneously. The aforementioned regression model is
symbolically displayed in equation 1:

(1)

In equation 1, E (free T | X) denotes the expected free T concentration given X, where X is the
matrix of predictor variables;β 0 … β8 denote the regression model coefficients; and f (L)(LH),
f (NL)(LH), f (L)(insulin), f (NL)(insulin) denote the linear (L) and the non-linear (NL) restricted
cubic spline functions of LH and fasting insulin, respectively.

Hypothesis testing was carried out via a set of extra-sum of squares F-tests. The hypothesis
testing procedure was conducted in the hierarchical manner, with global hypothesis tests of the
overall fit of the model superseding hypothesis tests related to the individual predictors. A
p<0.05 decision rule was specified a priori as the criterion for rejecting the null hypothesis of
no association.

The accuracy of the free T predictions from the original regression model (equation 1) was
compared via an extra-sum of squares F-test to the accuracy of the free T predictions from a
reduced model—comprised of a subset of the original predictors—to determine the most
parsimonious model for predicting free T.
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We also preformed several separate secondary analyses. Firstly, to investigate to what degree
(if any) the results were influenced by inclusion of girls with clinical findings potentially related
to hyperandrogenemia (i.e., to assess the potential influence of recruitment bias), we performed
the primary analysis after excluding all girls with hirsutism, abnormal menses, or both (n =
37). Secondly, we added to the model a set of interaction terms that would allow the linear and
nonlinear associations between (a) LH and free T and (b) insulin and free T to change from
one pubertal group to the next. Lastly, since FSH and IGF-I have been postulated to influence
androgen levels, we added each variable to the model (one variable at a time). Extra-sum of
squares F tests were conducted to determine if additional variability in free T was explained
by any of these model modifications.

For all of the aforementioned models, goodness of fit was evaluated via traditional residual
diagnostics. The regression analyses were carried out with the statistical software S-PLUS 7.0
(Insightful, Inc., Seattle, WA).

Results
Free T values—and the marked variability thereof—for each pubertal group are shown in
Figure 1. Summary data by pubertal group are presented in Table 1. In Figure 2, data are
graphically represented for subjects categorized by pubertal group and according to the
presence or absence of pubertal-group-specific HA. Simple relationships between free T (the
dependent variable) and other independent variables used in the regression models are shown
in Figure 3.

Primary analysis
The primary OLS regression model (equation 1) was highly statistically significant (P < 0.001),
with specified independent variables accounting for approximately half of observed free T
variability (R2 = 0.57; adjusted R2 = 0.53). Independent predictors of free T included (in order
of independent contribution to R2) LH, fasting insulin, age, and BMI z-score (P = 0.003, 0.023,
0.016, and 0.024 respectively). Predicted relationships among free T, LH, and insulin are shown
in Figure 4. Pubertal group and the nonlinear components of LH and insulin were not
independently associated with free T.

A reduced model, which included only the significant and independent predictors of free T
(i.e., LH, insulin, age, BMI z-score), was not statistically different from the original model
(equation 1) in its ability to predict free T.

Secondary analyses
When girls with hirsutism and/or abnormal menses (n = 37) were excluded from analysis, the
overall regression model remained highly statistically significant (P < 0.001, adjusted R2 =
0.53). Independent predictors of free T included LH (P = 0.004) and fasting insulin (P = 0.03),
but not age, pubertal group, or BMI z-score. Similar results were obtained after excluding only
girls with hirsutism (n = 29).

As discussed in Statistical Methods, we added a set of interaction terms to the model (equation
1) that would allow the associations between (a) LH and free T and (b) insulin and free T to
change from one puberty group to the next. These interaction terms were not statistically
significant.

Two additional models were constructed, one in which linear and nonlinear terms for FSH
were added, and another in which linear and nonlinear terms for IGF-I were added (the latter
variable being available for 77 subjects). Both models were highly statistically significant
(adjusted R2 = 0.53; P < 0.001); and LH, insulin, age, and BMI z-score remained significant
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predictors of free T, while puberty group was not. However, neither FSH nor IGF-I were
independent predictors of free T in these analyses (P= 0.255 and 0.154, respectively).

Discussion
As a group, obese peripubertal girls exhibit higher androgen levels compared to their normal
weight counterparts (10,12). However, the current data demonstrate that free T concentrations
are highly variable among obese girls. In this large cohort of peripubertal obese girls, morning
LH had the greatest ability to independently predict free T, followed by fasting insulin.
Importantly, these associations were significant even after adjusting for differences in the
potentially confounding variables age, pubertal group, and BMI z-score. These relationships
were similar across pubertal development, and they remained significant even after excluding
girls with clinical evidence of HA.

LH concentrations appear to be lower in obese girls compared to non-obese girls, especially
when measured overnight during early puberty (13,18). Nonetheless, morning LH was strongly
and independently associated with free T in this cohort of obese girls. This association is
reminiscent of findings in adult PCOS and adolescent HA, both of whom exhibit increased LH
secretion and elevated androgen concentrations (19–21). This relationship in obese girls may
reflect an ability of LH to promote androgen excess, as LH is the proximate stimulus for
androgen production by the ovarian theca cell compartment. Conversely, HA may reduce
GnRH pulse generator sensitivity to sex steroid negative feedback, thereby leading to
persistently rapid GnRH pulse frequency and increased LH secretion (22–25).

The second best predictor of free T in our model was fasting insulin concentration. Insulin can
act synergistically with LH to stimulate androgen production by the ovaries, and
hyperinsulinemia also decreases SHBG concentrations, both of which increase free T (26).
Additionally, therapies that reduce hyperinsulinemia ameliorate the HA of PCOS (1,4,26).
Taken as a whole, these findings support a role of hyperinsulinemia in producing HA in obese
girls. However, it remains possible that androgens contribute to insulin resistance and
hyperinsulinemia during puberty (27).

Age and BMI z-score remained significant, albeit relatively weak, predictors of free T in our
analysis. This may relate to unmeasured factors associated with age and/or BMI z-score that
also influence free T concentrations. For example, girls with similar BMI z-scores may have
important differences in both (a) percentage body fat and (b) fat distribution among visceral
and subcutaneous compartments; and these (unmeasured) parameters may predict free T better
than BMI z-score does. However, it is also possible that age and BMI z-score would not have
been significant predictors of free T if we had obtained more detailed measurements of LH
secretion and hyperinsulinemia. Specifically, puberty is marked by sleep-associated changes
of LH pulse frequency and amplitude (28,29). Thus, sampling for LH in the morning may not
accurately reflect 24-hour LH secretion, particularly in early pubertal girls. Moreover, single
measurements of LH do not capture the pulsatile nature of LH secretion. Likewise, fasting
insulin is an imprecise measure of both insulin resistance and 24-hour insulin exposure.

While free T levels were generally higher with advancing pubertal maturation, pubertal group
did not independently predict free T levels. This is partly related to the marked variability of
free T observed within pubertal groups. Overall, it appears that certain variables that increase
across pubertal development (e.g., LH) are more closely associated with free T than pubertal
stage per se. Moreover, there was no demonsrable interaction between either (a) pubertal group
and LH or (b) pubertal group and insulin, suggesting that the relationships between free T and
LH and between free T and insulin are similar across pubertal development.
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Our cohort of subjects included 37 girls with clinical findings potentially related to
hyperandrogenemia such as hirsutism or abnormal menses. In a study of androgen excess, we
believe that systematic exclusion of girls with clinical evidence of HA can be problematic.
However, results after exclusion of such girls were not materially different from those of the
primary analysis. Specifically, LH and insulin appear to be significant and independent
predictors of free T in girls without clinical evidence of androgen excess. Nonetheless, the
possibility of recruitment bias is important in other respects. For example, obese girls with
clinical hyperandrogenism may have been more likely to participate in our studies compared
to obese girls without clinical hyperandrogenism; thus, these data cannot be used to estimate
the prevalence of HA in obese girls.

Secondary analyses explored the relationships between free T and both FSH and IGF-I, as these
hormones have been postulated to influence ovarian androgen production. Many women with
PCOS have a relative deficiency of FSH; this may contribute to HA via impaired follicular
development and relative reductions of granulosa cell aromatase activity, which is responsible
for estradiol synthesis from androgen precursors (6). IGF-I levels are highest during the
pubertal growth spurt; IGF-I largely accounts for the so-called insulin resistance of puberty;
and IGF-I can stimulate ovarian androgen synthesis via binding insulin and IGF-I receptors
(26,30). However, neither FSH nor IGF-I were independently predictive of free T in this cohort
of obese peripubertal girls.

Based on these and earlier data, we propose the following working hypothesis concerning
obestity-related HA and its potential relationship to the development of PCOS. Peripubertal
obesity is associated with variable degrees of insulin resistance. Compensatory
hyperinsulinemia can then increase ovarian and/or adrenal androgen production and lower
SHBG, both of which increase free T concentrations. And in susceptible girls, HA impairs the
sensitivity of the GnRH pulse generator to negative feedback, leading to persistently rapid
GnRH pulses, elevated LH, and impaired FSH secretion. These neuroendocrine abnormalities
maintain or worsen HA, leading to a vicious cycle that supports a progression toward the PCOS
phenotype.

In conclusion, the current results suggest that LH and fasting insulin are significant and
independent predictors of free T levels in obese girls, even after adjusting for potential
confounders (age, pubertal group, BMI%). Although these strong associations do not prove
causality, they point to a possible etiologic role for both LH excess and hyperinsulinemia in
the development of HA in some obese girls. We recognize that morning LH and fasting insulin
values are imprecise measures of pulsatile LH secretion and hyperinsulinemia/insulin
resistance, respectively. Therefore, additional studies are needed to assess further the potential
causative roles of LH and insulin in obesity-associated HA in peripubertal girls, in addition to
mechanisms by which peripubertal obesity may predispose to the development of PCOS.
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Figure 1. Free testosterone values in obese peripubertal girls
Shaded boxes represent the normal range of free testosterone (defined in text) for each pubertal
group. Early, mid-, and late puberty are defined in the text.
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Figure 2. Selected characteristics of obese girls with normal (NA) and elevated (HA) pubertal
group-specific free testosterone
Data are presented as box and whisker plots, which show 25th and 75th percentiles (bottom and
top of box); median (line within box); mean (open square); 10th and 90th percentiles (bottom
and top whiskers). Numbers per subgroup are as follows: 16 NA, 12 HA (early puberty); 5
NA, 15 HA (mid-puberty); 16 NA, 28 HA (late puberty). Early, mid-, and late puberty are
defined in the text. BMI = body mass index; T = testosterone; SHBG = sex hormone binding
globulin; LH = luteinizing hormone; FSH = follicle stimulating hormone; IGF-I = insulin-like
growth factor-I; DHEAS = dehydroepiandrosterone sulfate.
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Figure 3. Simple relationships between free testosterone (T) and other predictor variables
Data from early, mid-, and late pubertal girls are represented by circles, triangles, and squares,
respectively. Regression lines were calculated using data from all subjects. LH = luteinizing
hormone; BMI = body mass index; FSH = follicle stimulating hormone; IGF-I = insulin-like
growth factor-I.
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Figure 4. Predicted morning free testosterone (T) as a function of morning luteinizing hormone
(LH) and fasting insulin concentrations in obese peripubertal girls
A. Predicted free T as a function of morning LH concentration, with insulin, age, and BMI z-
score held fixed at median values of 157 pmol/liter (21.9 μIU/ml), 12.4 years, and 2.4,
respectively. The dashed lines enclose the 95% confidence band for the regression line. B.
Predicted free T as a function of fasting insulin concentration, with LH, age, and BMI z-score
held fixed at 2.9 IU/liter, 12.4 years, and 2.4, respectively. C. Predicted free T as a function of
morning LH and fasting insulin concentrations (trivariate association), with age and BMI z-
score held fixed at 12.4 years and 2.4, respectively.
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Table 1
Summary data by pubertal group

Early puberty (n=28) Mid-puberty (n=20) Late puberty (n=44)

Age (y) 9.5 ± 1.5 (9.3, 8.4–10.3) 11.8 ± 1.3 (11.8, 11.0–12.5) 14.9 ± 1.7 (15.0, 13.5–16.1)

BMI (kg/m2) 31.4 ± 5.2 (30.9, 27.4–35.1) 32.4 ± 4.9 (31.0, 28.6–36.9) 37.3 ± 5.8 (36.3, 33.1–41.5)

BMI% 99.2 ± 0.8 (99.4, 99.1–99.7) 98.7 ± 1.1 (99.0, 98.2–99.4) 98.6 ± 1.2 (99.1, 98.3–99.5)

BMI z-score 2.51 ± 0.32 (2.49, 2.30–2.70) 2.30 ± 0.29 (2.33, 2.10–2.51) 2.30 ± 0.32 (2.36, 2.06–2.55)

Race 17 W, 10 B, 1 O 13 W, 6 B, 1 O 25 W, 10 B, 1 A, 8 NR

Hispanic ethinicity 6 of 28 (21%) 3 of 20 (15%) 7 of 44 (16%)

Tanner stage 6 Tanner 1, 22 Tanner 2 All Tanner 3 11 Tanner 4, 33 Tanner 5

Postmenarcheal 0 of 28 (0%) 4 of 20 (20%) 40 of 44 (91%)

Gynecological age * NA All < 1 y 2.6 ± 1.7 (2.5, 2–3)

Irregular menses * NA NA 25 of 40 (63%)

Hirsutism 1 of 28 (4%) 2 of 20 (10%) 26 of 44 (59%)

Total testosterone (pmol/liter) 60.7 ± 47.6 (41.6, 24.1–105.7) 122.7 ± 75.2 (100.5, 64.1–174.8) 161.1 ± 81.3 (147.4, 86.5–199.3)

SHBG (nmol/liter) 26.6 ± 15.0 (24.1, 14.7–35.5) 19.4 ± 12.9 (16.7, 9.1–30.1) 18.7 ± 9.9 (16.6, 12.0–22.2)

Free testosterone (pmol/liter) 14.3 ± 14.5 (8.3, 4.9–20.1) 32.3 ± 22.7 (24.1, 15.6–44.2) 40.9 ± 22.2 (36.2, 21.6–58.4)

Luteinizing hormone (IU/liter) 0.6 ± 1.1 (0.1, 0.1–0.6) 2.4 ± 2.5 (1.6, 0.4–3.9) 5.7 ± 2.9 (5.2, 3.5–7.3)

Fasting insulin (pmol/liter) 157 ± 124 (112, 58–205) 227 ± 120 (228, 133–271) 166 ± 90 (157, 102–215)

FSH (IU/liter) 2.1 ± 2.3 (1.0, 0.3–3.2) 4.4 ± 2.7 (4.0, 2.7–5.0) 5.2 ± 1.9 (4.8, 3.9–6.3)

IGF-I (nmol/liter) 29.3 ± 15.8 (23.5, 20.1–37.3)
(n=23)

44.4 ± 17.2 (40.9, 35.0–57.5)
(n=17)

45.9 ± 31.2 (42.2, 22.4–59.9)
(n=37)

Estradiol (pmol/liter) 110 ± 50 (86, 78–150) 144 ± 66 (134, 87–190) 217 ± 97 (188, 152–283)

DHEAS (nmol/liter) 1683 ± 747 (1445, 1200–2269) 3038 ± 1599 (2499, 1702–4068) 3989 ± 2083 (3735, 2408–4891)

BMI = body mass index; BMI% = BMI-for-age percentile; SHBG = sex hormone binding globulin; FSH = follicle stimulating hormone; IGF-I =
insulin-like growth factor-I; DHEAS = dehydroepiandrosterone sulfate.

Obesity (Silver Spring). Author manuscript; available in PMC 2011 May 1.


